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Abstract: The human immunodeficiency virus type 1 (HIV-1) is dependent on the host transcription and translation machinery
to complete its life cycle. Different hypotheses have been postulated regarding the mechanism of translation initiation in
HIV-1. The cap-dependent ribosomal scanning hypothesis predicts selection against AUG usage in optimal context in the
HIV-1 5'UTR to avoid initiation at a wrong AUG by the scanning ribosome which would hamper the detection of the true
downstream translation initiation codon. Recent reports have shown evidence of cap-independent translation initiation
mechanisms in HIV-1, such as the direct binding of ribosome at internal ribosome entry sites (IRES), distant from the 5" cap.
It has been proposed that the IRES-dependent mechanism of translation initiation, allows the ribosome to bypass the stable
secondary structures in the HIV-1 5"UTR. This hypothesis predicts no selective pressure against AUG usage in optimal
context in the HIV-1 5'UTR since any such AUGs would be embedded in the stable secondary structures. We evaluated
these two hypotheses based on their prediction regarding selective pressure against AUG usage in optimal context in the
HIV-1 5"UTR. Our results show that there is indeed a selective pressure against AUG usage in optimal context in the HIV-1
5"UTR which supports the cap-dependent translation initiation hypothesis. That is, the HIV-1 mRNAs are translated either
by the cap-dependent mechanism alone or in addition to IRES-dependent mechanism in the presence of 5"UTR stable
secondary structures. They are clearly not translated by the latter mechanism alone.
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Background

HIV-1 virus, which is responsible for the AIDS epidemic, mainly infects human CD4" T-lymphocytes
(Ho et al. 1986). After entry into the cell, reverse transcription of the genomic RNA results in a double-
stranded DNA, which is transferred to the nucleus and integrated into the human chromosome with the
aid of the virus-coded integrase protein (Cimarelli and Darlix, 2002). Even though some of the enzymes
that are critical to the HIV-1 replication cycle are coded by the viral genome, the virus is dependent on
the host transcription and translation machinery. More than 30 different mRNAs are produced from
alternative splicing of the full-length HIV-1 transcript, which are divided into three different classes;
unspliced 9kb mRNAs, intermediate 4kb mRNAs, and short 2kb mRNAs (Schwartz et al. 1990; Purcell
and Martin, 1993). Splicing of HIV-1 mRNAs is a complex mechanism due to the presence of constitu-
tive and alternatively used 5" splice donor (SD) and 3" splice acceptor (SA) sites. There are several
weak competing splice sites in the middle of the genome, and their alternative selection determines
which proteins are coded by the mature mRNA (Arrigo et al. 1990; Guatelli et al. 1990; Furtado et al.
1991). These various forms of HIV-1 mRNAs are transferred to the cytoplasm where they undergo
translation by the host ribosomes.

Translation of eukaryotic mRNAs follows a cap-dependent ribosomal scanning mechanism
(CDRSM) whereby a pre-initiation complex comprised of the small 40S ribosomal subunit, tRNAM<,
and multiple translation initiation factors binds at the 5" end of the mRNA and scans linearly in
the 57 to 3" direction until it reaches the first AUG in an optimal context (Kozak, 1989). The 60S
ribosomal subunit then binds to the complex and the translation of a polypeptide chain initiates.
The optimal context for translation initiation in mammalian species, known as the Kozak consensus,
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is RCCaugG, with the —3R (R = purine) and +4G
being particularly important (Kozak, 1986; Kozak,
1987; Kozak, 1997).

Different hypotheses have been postulated
regarding the mechanism of translation initiation
in HIV-1 (for a review see Yilmaz et al. 2006).
Despite the supporting evidence for the CDRSM
hypothesis (Schwartz et al. 1992; Miele et al. 1996;
Anderson et al. 2007), there are some obstacles
associated with this mechanism of translation
initiation in the HIV-1 virus. All HIV-1 transcripts
share a 289-nucleotide sequence as part of their
5’'UTR, which forms into stable stem-loop struc-
tures (Baudin et al. 1993; Berkhout and van
Wamel, 2000). The 5"UTR is the most conserved
region of the HIV-1 genome (Berkhout, 1996) and
contains several functional domains which are
important for virus replication. These include
transactivation response region (TAR) (Selby et al.
1989), polyadenylation signal (polyA) (Klasens
et al. 1999), primer binding site (PBS) (Beerens
and Berkhout, 2002), RNA dimmer initiation signal
(DIS) (Laughrea and Jette, 1994), the major splice
donor site (SD1) (Purcell and Martin, 1993), and
the packaging signal (), which is only present in
unspliced mRNAs (Lever et al. 1989). The stable
stem-loop structures formed by these domains have
been shown to inhibit translation initiation by the
scanning ribosome (Parkin et al. 1988; SenGupta
et al. 1990; Geballe and Gray, 1992; Svitkin et al.
1994; Miele et al. 1996).

The possibility of alternative cap-independent
translation initiation mechanisms in HIV-1 and
other viruses was introduced by the observation of
internal ribosome entry site (IRES)-mediated
translation initiation in picornaviruses (Jang et al.
1988; Pelletier and Sonenberg, 1988). Through this
mechanism, the ribosome directly enters at IRES
to initiate the translation without having to bind at
the 5’ cap and scan the viral mRNA. Accumulating
evidence point to the presence of IRES-dependent
translation initiation in retroviridae family as well
(Berlioz and Darlix, 1995; Lopez-Lastra et al.
1997; Deffaud and Darlix, 2000; Ohlmann et al.
2000), which suggests that this form of translation
initiation might be an important part of the retro-
viral life cycle, including that of HIV-1. This
mechanism would allow bypassing the stable 5°
secondary structures of the HIV-1 5'UTR,
alleviating the barriers imposed by CDRSM
on translation initiation. We refer to this IRES-
dependent mechanism in the presence of 5"UTR

Stable Secondary Structures (SSS) as SSS/IRES
hypothesis.

The CDRSM and SSS/IRES-dependent transla-
tion initiation hypotheses have different predic-
tions in regard to selective pressure against AUG
usage in the HIV-1 5"UTR. The CDRSM hypoth-
esis predicts that there should be a selective pres-
sure against AUG usage in optimal context in the
5’UTR region. This is to avoid initiation at a wrong
AUG by the scanning ribosome which would
hamper the detection of the true downstream trans-
lation initiation codon. The SSS/IRES-dependent
translation initiation hypothesis, on the other hand
predicts no selective pressure against these AUGs
because they would be embedded in the secondary
structures and not exposed to the scanning ribo-
some (Fig. 1). The predictions from the different
translation initiation scenarios are summarized in
Table 1.

In this study we have assessed the predictions
of the CDRSM and SSS/IRES-dependent transla-
tion initiation hypotheses in HIV-1, with regard to
selective pressure against AUG usage in optimal
context in the HIV-1 5"UTR. Our results demon-
strate this selective pressure and further support
the CDRSM mechanism in HIV-1.

Materials and Methods

Calculating the observed
and expected number of AUGs

in optimal context in the 5’"UTR
The NCBI HIV-1 type genome (NCBI Genome:
NC_001802), hereafter referred to as HIV-15025
was used to analyze the selective pressure against
AUG usage in optimal context in the 5"UTR region.
This sequence, which belongs to HIV-1 subtype B,
has been curated by the NCBI staff and is the same
as HXB2, which is the reference sequence of the
Los Alamos National Library (LANL) HIV
sequence database (Kuiken et al. 2003). The only
difference is that HIV-1y.,50, lacks the first
454 bases of HXB2 and has the Vpu start codon
(defective ACG in HXB2) corrected to ATG.
HIV-1y¢;502 18 @ viral genome (i.e. packaged in
the virus particle) and consists of 5'-R-U5-3" in
the 5" end and 5"-U3-R-3" in the 3" end. The splice
sites position numbering by Purcell and Martin
(Purcell and Martin, 1993) corresponds to the
HIV-1 vector pNL4-3 (NCBI Genome: AF324493),
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Figure 1. SSS/IRES-dependent translation initiation.
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A prediction of secondary structure of HIV-1 Vif 5°UTR, adapted and modified from Yilmaz et al. 2006. The location of AUGs and IRES are

hypothetical.

which is a provirus sequence (i.e. integrated into
host genome), with identical repeats, 5 -U3-R-
US5-37, at both ends. Their numbering starts from +1
at the beginning of the U3 region. In order to
annotate the splice site locations in HIV-1 400,
which lacks the initial U3 and terminal U5 regions,
we aligned the two sequences using Blast2 pro-
gram at NCBI (Altschul et al. 1990), and identified
the corresponding splice site positions. The posi-
tion of start and stop codons for the eight HIV-1
ORFs; gag-pol, vif, vpr, tat, rev, vpu, env, and nef,
along with their sequence lengths are shown in
Table 2.

There are more than 30 alternatively spliced
HIV-1 transcripts (Purcell and Martin, 1993), each
with a different combination of exons. Table 2
shows the most abundant transcript of each gene,
according to figure 4 of the Purcell and Martin
(1993), along with the comprising exons. The
5'UTR of these transcripts were extracted for
analysis and their nucleotide frequencies were
calculated using the DAMBE program (Xia, 2001;
Xia and Xie, 2001). The expected number of AUGs
for each sequence, NE, ., is obtained by the
following formula (Xia, 2007, pp. 4—6):

NE,y6 =pA xpU xpG x (L-3 + 1)

where L stands for the sequence length, 3 is the
length of the query sequence (i.e. AUG), and pA,
pU, and pG are the frequencies of A, U, and
G nucleotides, respectively. The +4G of the
Kozak consensus has been shown to be impor-
tant in translation initiation especially in the
absence of the —3R (Kozak, 1986; Kozak, 1987;
Kozak, 1997), therefore the optimal contexts
of AUG in this study are considered as the
presence of either or both —3R and +4G;
Rnnaug (AUG_,), RnnaugG (AUG_3 , 4¢), and
YnnaugG (AUG_;y , 45), where “aug” is the
translation initiation codon and “n” represents
any nucleotides. The expected number of
AUG 3z, AUG 3 4 46, and AUG 3y, 45 Were
calculated as pR X pA X pU X pG X (L —6 + 1)
(where pR = pA + pG), pR X pA X pU X pG X
(L-7+1) X pG, and pY X pA x pU X pG X
(L-74+1)XxpG (where pY =pC + pU), respec-
tively. The observed numbers of AUGs in the
three different optimal contexts were also
recorded for each 5"UTR.

Table 1. Three different scenarios involving CDRSM and SSS/IRES and their respective predictions. Scenarios

1 and 3 have the same prediction.

Scenarios CDRSM SSS/IRES Predictions

1 Yes No Strong selection against AUG in 5’'UTR
2 No Yes No selection against AUG in 5’'UTR
3 Yes Yes Strong selection against AUG in

5°'UTR
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Table 2. The HIV-1 coding sequences and corresponding 5'UTRs.

The position of start and stop codons are indicated according to the NCBI HIV-1 type sequence (NCBI Genome:
NC_001802). Start position corresponds to the position of A in AUG start codon and stop position corresponds
to the third base position of the stop codon. The most abundant transcripts and annotation of exons are obtained
from Purcell and Martin (1993). Vpu always appears with Env on bicistronic mMRNAs, therefore Env1 is considered

as the most abundant transcript for Vpu as well.

Gene Start Stop Length Most abundant transcript: 5°UTR
name codon codon comprising exons Length
gag-pol 336 4642 4307 Full length primary transcript 335
vif 4587 5165 579 Vif2: 1 + 2E 417
vpr 5105 5396 292 Vpr1 (2kb mRNA): 1 +3a+7 458
Vpr3 (4kb mRNA): 1 + 3E
Note: both transcripts have
the same 5’'UTR
tat 5377 7970 261 (excluding Tat1 (2kb mRNA): 1 +4 +7 342
the intron) Tat5 (4kb mRNA): 1 + 4E
Note: both transcripts have
the same 5°'UTR
rev 5516 8199 351 (excluding Rev2:1+4a+7 304
the intron)
vpu 5608 5856 249 Env1: 1+ 5E 374
env 5771 8341 2571 Env1: 1+ 5E 537
nef 8343 8963 621 Nef2: 1+5+7 776

Calculating the observed
and expected number of AUGs
in optimal context in the HIV-1

concatenated 5’"UTR

Except for parts of the terminal LTR regions, the
rest of the HIV-1 viral genome is made up almost
entirely of overlapping coding regions. The only
exception is a short 16-nucleotide sequence
between the major splice donor site 4 (SD4) and
the vpu start codon (see figure 1 in Purcell and
Martin, 1993). It should be noted that due to the
complex and overlapping nature of the HIV-1
genome, all non-coding segments, except exonl,
overlap with a coding sequence (e.g. non-coding
exons 2 and 3 are in the gag and vif ORFs, respec-
tively). They are, however, part of a 5"UTR in the
major HIV-1 transcripts.

The concatenated 5"UTR region of HIV-1y¢502
was assembled by connecting the following seven
segments; exonl (1:289), beginning of exon2E up
to vif start codon (4459:4586), beginning of
exon3a up to vpr start codon (4936:5104), begin-
ning of exon4 up to tat start codon (5324:5376),
beginning of exon4a up to rev start codon
(5501:5515), beginning of exonSE up to env start

codon (5523:5770), and beginning of exon7 up to
nef start codon (7925:8342). The resulting
sequence is 1320 nucleotides long. In addition to
aforementioned statistical analyses, the concate-
nated 5"UTR was divided into nucleotide triplets.
In order to test the significance of deviation of the
observed number of AUG_;; from the expected,
two-way tables were constructed which contained
the observed and expected numbers of AUG_;;
and Non-AUG_;; triplets in the concatenated
5’UTR, and the following chi-square test was
conducted;

(NO

AUG 3

NE

AUG _3p

(NONonAUG,M - NENonAUG,M )2

NE

NonAUG _3p

2
AUG_3p )

X*=

+

where “NO” refers to the observed number and
“NE” refers to the expected number of AUG 5 and
Non-AUG_gy, triplets in the 5"UTR.

We performed a similar analysis in two other
HIV-1 subtypes, namely subtypes A and C.
A sequence of HIV-1 subtype A was selected by
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specifying “A” as the subtype, “HIV-1" as the
organism, and “complete genome” as the genomic
region in the LANL HIV sequence database
(Kuiken et al. 2003) search interface at (http://
www.hiv.lanl.gov/components/sequence/HIV/
combined search s tree/search.html). We then
selected the first sequence in the returned list of
sequences (i.e. NCBI Nucleotide: AB098330) for
our analysis. The same approach was used to select
a HIV-1 subtype C sequence (i.e. NCBI Nucleo-
tide: AB023804), by specifying “C” as the subtype
in the search interface. The concatenated 5"UTR
in these two sequences were assembled by align-
ing them against the HIV-1,4,, sequence and
joining the corresponding aforementioned seven
segments. The resulting concatenated 5'UTR
regions were comprised of 1351 and 1319 nucle-
otides for HIV-1,5093330 @and HIV-1 5023504
respectively.

Calculating the observed number
of AUGs in optimal contexts in 5'UTR

of publicly available HIV-1 sequences
We used the aforementioned LANL HIV sequence
database search interface to extract all available
HIV-1 sequences that contain exon 1, which is
shared among all HIV-1 transcripts. This region
was selected by specifying 456 and 743 as the start
and end of the genomic region, respectively, and
selecting HIV-1 as the organism at the search inter-
face. As of July 2008, there were 1142 such
sequences, which were downloaded in FASTA
format. Using a Python script, we calculated the
frequency of AUGs in optimal contexts in these
sequences.

Results and Discussion

Selective pressure against AUG usage
in optimal context in HIV-1 5°'UTRs

Table 3 shows the nucleotide frequencies of the
5'UTRs in the major HIV-1 transcripts (see
methods). With G being the most frequent nucleo-
tide in most cases, these frequencies do not
conform to the HIV-1y,¢5, A-rich genome with
36% A, 18% C, 24% G, and 22% U, obtained using
the DAMBE program. The observed and expected
numbers of AUGs in optimal context in the 5"UTR
of HIV-1 major transcripts are shown in table 4. In
all cases, the observed number is less than the
expected value. In fact, other than the AUG_;;
located in the 5"UTR of env, which corresponds
to the upstream vpu start codon (GuaAUGc),
there are no other AUGS in optimal context in the
5’UTR regions.

Selective pressure against AUG
usage in optimal context in HIV-1

concatenated 5'UTRs

As previously mentioned, the first 289 nucleotides
are shared among all HIV-1 5"UTR sequences. We
therefore decided to assess the selective pressure
against AUG usage in optimal context in the
concatenated non-overlapping 5'UTR sequence
comprised of 1320 nucleotides. This sequence con-
tains 32.6% A, 19.9% C, 26.4% G, and 21.1% U,
which match the A-richness and C-poorness of the
HIV-1¢1502 genome. There are no AUG_3; | 4 and
AUG_,y, 4 observed in the concatenated 5'UTR
despite the expected numbers of 3.7 and 2.6,

Table 3. Nucleotide frequencies of the 5’'UTR of major HIV-1 mRNAs.

Name A C G U Sum PA pC PG pU
gag/pol 82 79 104 70 335 0.2448 0.2358 0.3104 0.209
vif 119 92 122 84 417 0.2854 0.2206 0.2926 0.2014
vpr 129 107 122 100 458 0.2817 0.2336 0.2664 0.2183
tat 85 81 105 71 342 0.2485 0.2368 0.307 0.2076
rev 68 79 90 67 304 0.2237 0.2599 0.2961 0.2204
vpu 98 91 108 77 374 0.262 0.2433 0.2888 0.2059
env 172 109 141 115 537 0.3203 0.203 0.2626 0.2142
nef 214 177 224 161 776 0.2758 0.2281 0.2887 0.2075
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Table 4. The expected and observed number of AUGs in HIV-1 5"UTRs of major transcripts in different optimal

contexts.
Name NExp. NObs. NExp. NObs. NEXxp. NObs.
AUG—3R AUG—3R AUG—SR +4G AUG—SR +4G AUG—3Y +4G AUG—3Y +4G

gag/pol 2.91 0 0.90 0 0.72 0
vif 4.01 0 1.17 0 0.85 0
vpr 4.07 0 1.08 0 0.89 0
tat 2.96 0 0.91 0 0.73 0
rev 2.27 0 0.67 0 0.62 0
vpu 3.17 0 0.91 0 0.74 0
env 5.59 1 1.46 0 1.05 0
nef 7.19 0 2.07 0 1.60 0

respectively, which implies a selective pressure
against these AUGs.

In the case of AUG_sR, while the expected num-
ber is 14.1, there is only one observed AUG_; in
the concatenated 5"UTR. The significance of the
difference between the observed and expected
number in this case was measured by analyzing
the sequence as consisting of 440 (= 1320/3)
AUG_,; and Non-AUG g, triplets (Table 5). A o
test revealed that the difference is significant
(X* = 12.6, p < 0.0005), indicating a selective
pressure against AUG_,y in the 5"UTR.

Since HIV-1, 50, sequence belongs to subtype
B, a similar analysis was performed on HIV-1
subtype A (HIV-1,5095330) and subtype C
(HIV-1,5023304)- Subtypes A, B, and C account for
12%, 10%, and 50% of all infections worldwide,
respectively (Hemelaar et al. 2006). Different
HIV-1 subtypes may possess distinct 5'UTR sec-
ondary structures which could potentially affect
the selective pressure against AUG usage in
optimal context. As in the case of HIV-1y¢ 500,
there are no AUG_yz , 4 and AUG_;y , 4 Observed
in the concatenated 5"UTR of HIV-1,5005330

Table 5. The expected and observed number of AUG_35
and Non-AUG_g, triplets in the concatenated HIV-1
5UTR.

Concatenated 5’UTR

AUG _;, Non-AUG_;; Sum
triplets triplets
Observed 1 439 440
Expected 14.1 425.9 440

(expected numbers of 2.3 and 1.6, respectively)
and HIV-1,5,3504 (€xpected numbers of 2.2 and
1.5, respectively) sequences. Furthermore, despite
the expected number of 14.7 for AUG_;; in
HIV-1 5008330 5 'UTR, there is only one AUG_5; in
this region (X* = 13.2, p < 0.0005). Similarly,
despite an expected number of 14.8 for AUG_;;
in HIV-1, 5023504 5'UTR, there is only one AUG_;
in this region (X“ = 13.3, p < 0.0005). These results
point to a selective pressure against AUG_,p in the
5'UTR of HIV-1 subtypes A and C.

Selective pressure against AUG
usage in optimal context in 5’'UTR

of publicly available HIV-1 sequences
In order to expand our analysis, we analyzed
exon 1, which is part of the 5"UTR that is shared
among HIV-1 transcripts, in all publicly available
HIV-1 sequences containing this region. From the
1142 downloaded sequences, 21 (1.8%) contained
AUG_;; (one subtype A, twelve subtype B, seven
subtype C, and one unknown subtype), 9 (0.8%)
contained AUG_,y , 4 (two subtype B and seven
subtype C), and 2 (0.2%) contained AUG_3y , 4
(both subtype B).

Overall, the results presented in this study dem-
onstrate a selective pressure against the AUG_;;
and suggest possible selection against AUG_s . 46
and AUG_;y 4 Inthe 5"UTR region of HIV-1¢ 400,
which corroborates the results obtained by other
groups regarding the underrepresentation of AUGs
in HIV-1 5"UTR (Das et al. 1998). Our similar
findings in sequences of HIV-1 subtype A and C,
suggest the generality of a selective pressure
against AUG usage in optimal context in the
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5"UTR of different HIV-1 subtypes. These results
further support the CDRSM hypothesis of trans-
lation initiation in HIV-1, i.e. they are consistent
with translation initiation scenarios 1 and 3, but
contradict the prediction from scenario 2 (Table 1).
It should be noted that the possibility of usage of
non-AUG translation initiation codons by HIV-1,
such as CUG (Yilmaz et al. 2006), is not considered
in our approach. While nearly all eukaryotic genes
use AUG as the initiation codon, non-AUG codons
are sometimes found to initiate translation initia-
tion. For example, a CUG codon in Moloney
murine leukemia virus (Mo-MuLV) genome,
located in the sequence context of ACCCUGG at
positions 354-359, appears to serve as an alterna-
tive initiation codon (Prats et al. 1989). However,
the initiation efficiency of CUG in Mo-MuLV have
not been evaluated by mutation analysis such as
that done by Kozak (Kozak, 1986; Kozak,
1997), and subsequent analyses suggest that the
CUG might be used as in an internal ribosome
entry mechanism instead of the conventional cap-
dependent translation mechanism (Berlioz and
Darlix, 1995; Vagner et al. 1995). It should also be
noted that in NCBI’s Mo-MuLV sequence (NCBI
Genome: NC _001501), there is an AUG instead
of CUG at positions 357-359, therefore the original
finding of a CUG at positions 357-359 may
have been incorrect. Non-AUG initiation codons
in eukaryotes are typically involved in certain
regulatory mechanisms and are poorly translated
by the cap-dependent translation mechanisms. In
short, cap-dependent translation implies that only
AUG, but not non-AUG codons, should be under-
represented at the S"UTR of mRNAs. This is
apparent when one analyzes protein-coding genes
of any eukaryotic genome. Thus the frequency of
CUG translation initiation codons is irrelevant to
our present study.

While there are some experimental results
indicating the presence of IRES in HIV-1 (Buck
et al. 2001; Brasey et al. 2003), HIV-2 (Herbreteau
et al. 2005), and simian immunodeficiency virus
(SIV) (Nicholson et al. 2006), currently used
methodology for validating IRES remains problem-
atic (Kozak, 2001). Our results suggest that even
though CDRSM and SSS/IRES-dependent transla-
tion initiation mechanisms may co-exist, the latter
is either a weak mechanism or a recent innovation
that has not yet produced evolutionary conse-
quences on the distribution of AUGs in optimal
context in the 5S"UTR. These speculations call

for further experimental analysis of IRES activity
in HIV-1.
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